[1] We report on a statistical study of bifurcated current sheets in the near-Earth plasma sheet and the association of such current sheets with a near-Earth neutral line. Support for this interpretation is provided by a global MHD simulation generated for geomagnetic and solar wind conditions prevailing at the time when a bifurcated current sheet was previously identified in 2001 Cluster magnetometer data. A local bifurcation of the current sheet with spatial scales of 3-7 R E in Y and Z GSM was present in the MHD simulation at the À19 R E apogee distance of Cluster. Magnetic field line tracing revealed a clear connection to a local neutral line at $22 R E downtail. For our statistical study, criteria developed to characterize bifurcations were automatically applied to the magnetic field and particle observations of the four Cluster spacecraft for 1500 km and 5000 km separations. We found that bifurcations are detected $25% of the time Cluster is in the current sheet. Thickness estimates from our statistical results reveal structures 1-3 R E in scale size (north-south), comparable with those present in our MHD simulation results. Our simulation and statistical results show that bifurcated current flows near the boundary of the plasma sheet. Local conditions at Cluster for our selected events are often consistent with the presence of a nearby neutral line. We propose that bifurcated current density profiles develop in association with small-scale (few R E ) neutral lines that do not stretch across the entire magnetotail. Therefore bifurcated current sheets may well be a signature of magnetotail dynamics rather than an equilibrium current sheet configuration. 
Introduction
[2] The magnetotail current sheet supports the magnetic field structure of the magnetotail with reversed fields in the northern and southern lobes. It is of prime importance in the onset and development of magnetospheric substorms. Harris [1962] provided a simple model that describes a smoothly varying magnetic field consistent with a cross-tail current density that maximizes at B X = 0. Early spacecraft observations confirmed the Harris model as a zero-order description of the current sheet [e.g., Ness, 1965] . However, later studies revealed more complex structure of the current sheet and its behavior during substorms [e.g., Baumjohann and Paschmann, 1990; Sanny et al., 1994; Zhou et al., 1997] . The launch of the four spacecraft Cluster mission has provided a new perspective on current sheet observations. Thompson et al. [2005] concluded that the current sheet at $20 R E downtail can rarely be described with a static Harris model on timescales of hours. However, over timescales of tens of minutes, a time varying current sheet model in which the current density peaks at B X = 0 with a thickness that can be characterized using the Harris model reproduces the average changes in plasma sheet thickness with substorm phase predicted by the near-Earth neutral line model. On shorter timescales, Cluster magnetometer observations have given evidence that the current sheet configuration can depart significantly from the Harris model. Recent studies using Cluster data in the near-Earth plasma sheet concluded that the cross-tail current sheet can split into two sheets of enhanced current density separated by a weak current density region, i.e., it can become ''bifurcated'' [e.g., Nakamura et al., 2002; Runov et al., 2003a] . This type of current density distribution differs markedly from the Harris-type current sheet in which the current density has a single peak at B X = 0.
[3] The concept of a bifurcated current sheet is not new. Hoshino et al. [1996] identified bifurcated current sheets in the distant tail (X GSM $ À100 R E ) using histograms of the occurrence frequency of B X during many Geotail plasma sheet crossings. The authors argued that prolonged intervals of weak magnetic field corresponded to a weak current region between two areas of enhanced current. The authors suggested that a bifurcated current sheet may result from currents flowing across the field on the separatrices of a neutral line. Sergeev et al. [1993] examined multiple ISEE 1 and 2 crossings of the current sheet at $11 R E downtail and found evidence for bifurcation of the current sheet during a substorm. More recently, bifurcated current sheets have been reported with Cluster data at 20 R E downtail. Nakamura et al. [2002] proposed that a bifurcated current sheet observed during strong earthward plasma flows (V X $ 900 km s
À1
) may have resulted from Cluster entering the ion diffusion region of a neutral line. The bifurcation was observed for approximately 6 min. Runov et al. [2003a] examined an event lasting more than 7 min in which they proposed that the Cluster spacecraft alternately enter and exit the weak magnetic field region at the center of a bifurcated current sheet. Sergeev et al. [2003] reported on a bifurcated current sheet during apparent flapping motion of the plasma sheet that lasted for 15 min. The authors concluded that the bifurcation was not likely a result of reconnection processes, as Cluster observed no flows greater than 200 km s À1 . Instead the authors suggested the bifurcated current sheet may have resulted from ''aging'' of a thin current sheet in which nonadiabatic motion of ions results in weaker current in the central plasma sheet, as explored theoretically by Zelenyi et al. [2002] . Runov et al. [2003b] reported on an apparent bifurcated current sheet observed for 4 min that was associated with Hall current magnetic field perturbations near a neutral line. Hall currents are predicted in a magnetic field region where ions and electrons become decoupled, such as in the ion diffusion region near a neutral line [e.g., Sonnerup, 1979] . The Hall currents flow into the outflow region of the neutral line and exit through the inflow regions, producing an organized quadrupolar B Y signature. Magnetic field perturbations consistent with Hall currents near a neutral line have been reported in the magnetotail at 25-30 R E downtail [e.g., Nagai et al., 2001; Ueno et al., 2002 Ueno et al., , 2003 and at 60 R E [Øieroset et al., 2001] .
[4] Asano et al. [2004] performed a statistical study of current sheet structure around the near-Earth neutral line with Geotail data for À20 R E > X > À30 R E . Neutral lines were identified by the presence of strong flows (jVj > 300 km s À1 ) that reversed sign over a span of 15 min with a velocity difference of at least 500 km s À1 between electrons and ions. Current densities were calculated from the difference in velocity between electrons and ions. Asano et al. [2004] concluded that when neutral lines are present, bifurcated currents carried by electrons are also common.
[5] Several studies have examined the theory of bifurcated current sheets. Zelenyi et al. [2002 Zelenyi et al. [ , 2003 considered the structure of thin current sheets in the presence of nonadiabatic particles. In this model, nonadiabatic particles in the ion population, i.e., those with large pitch angles, reduce the current at the center of the current sheet. The current decay in the center of the current sheet results in enhanced currents at the boundaries, forming a bifurcated current sheet. Such bifurcations have scale sizes of an ion gyroradius in the current sheet (hundreds of kilometers). Sitnov et al. [2003] generalized the Harris current sheet solution, introducing ion temperature anisotropy. They found that ion pancake distributions (T ? > T k ) produced bifurcated current sheet structure. Delcourt et al. [2004] examined the behavior of charged particles with k % 1 (k = R C /r i , in which R C is the magnetic field radius of curvature and r i is the ion gyroradius) in a simple model of a bifurcated current sheet and found nonlinear dynamics that resulted in bifurcated current sheets on the scale of an ion gyroradius in the current sheet. Ricci et al. [2004] developed a kinetic simulation of a Harris current sheet in which the lowerhybrid drift instability caused the current sheet to bifurcate.
[6] In this study we seek to determine how commonly bifurcated current sheets are observed as well as why the current sheet manifests a bifurcated structure at certain times and appears to be consistent with a Harris-type structure at other times. We began our study by analyzing a global MHD simulation run for the solar wind conditions present before and during the bifurcated current sheet identified in Cluster data on 29 August 2001 by Runov et al. [2003a] . A localized bifurcation of the current sheet was identified in the simulation at the apogee distance of Cluster (À19 R E ) and its magnetic field, current density, and plasma flow properties were examined.
[7] We found that the bifurcated current sheet in the simulation was linked to a neutral line $3-4 R E tailward of Cluster's position. Two of the four previous studies of bifurcated current sheets based on Cluster data related them to a nearby neutral line [Nakamura et al., 2002; Runov et al., 2003b] , while two did not [Runov et al., 2003a; Sergeev et al., 2003] . To examine this possible relationship further, we undertook a survey of the Cluster magnetometer data for all passes through the magnetotail in 2001 and 2002. The Cluster Fluxgate Magnetometer (FGM) data [Balogh et al., 2001] were used at 4 s resolution. Cluster Ion Spectrometry Composition and Distribution Function (CIS/CODIF) data [Réme et al., 2001] were used at 8 s resolution. Current densities were calculated using the technique of Khurana et al. [1996] , which assumes linear variation of the magnetic field between the Cluster spacecraft such that the tetrahedral center of mass magnetic field can be expressed as a Taylor series. Through our analysis of the MHD simulation, we developed criteria for identifying potential bifurcated current sheet intervals in Cluster FGM data. Once candidate bifurcation intervals were identified, we first determined whether or not their properties could plausibly be explained by a simple variation in thickness of a Harris-like current sheet. In most cases such an interpretation was rejected. We then investigated possible association with geomagnetic activity through the use of auroral activity indices for the 2001 events. Finally, we considered whether the current sheet bifurcations identified were associated with a local neutral line. Identification of a local neutral line relied on the magnetic field, currents, and flows observed at Cluster. 
Global MHD Simulation for 29 August 2001
[8] The Cluster magnetic field measurements and inferred vector current density in GSM coordinates for a bifurcated current sheet event identified on 29 August 2001 by Runov et al. [2003a] are shown in Figure 1 . The magnetic field measurements from all four spacecraft are shown and the time interval plotted is 1052 -1112 UT. The GSM position of Cluster is indicated at the bottom of the figure. Runov et al. [2003a] identified the alternating entry and exit of the Cluster spacecraft into a weak magnetic field (10 nT) region from 1055 to 1102 UT as a bifurcation of the current sheet (e.g., Figure 1d , $1100:15 UT, $1101:45 UT, marked with vertical black lines). The four spacecraft observed a small magnetic field gradient, which corresponds to low current density within the weak magnetic field regions (Figure 1f , $1100:15 UT, $1101:45 UT). The larger gradients (higher current densities) that precede and follow the weak magnetic field regions (e.g., $3 nA m À2 at 1100:30 UT, 1102 UT) were taken as evidence of current sheet bifurcation.
[9] A global magnetohydrodynamic (MHD) simulation [Raeder et al., 1995 [Raeder et al., , 1996 modified to include the effects of the interplanetary magnetic field B X component [ElAlaoui, 2001 ] was used to represent the global structure and dynamics of the magnetotail current sheet for the 29 August 2001 bifurcated current sheet event shown in Figure 1 . Propagated solar wind IMF, flow velocity, number density, and pressure observations from ACE, located at (234, À29, 29) R E upstream, were used as inputs to the simulation. The MHD simulation solves the resistive onefluid MHD equations as an initial value problem [El-Alaoui, 2001 ]. The simulation box ranges from X = 25 R E to X = À300 R E and to 60 R E in the ±Y and ±Z directions. The minimum grid size at Cluster's apogee location in the plasma sheet was 0.67 R E , $3X the nominal Cluster spacecraft separation in 2001. More detailed information about the MHD simulation can be found in the work of Raeder et al. [1995 Raeder et al. [ , 1998 .
[10] Figure 2 shows the propagated solar wind parameters measured at ACE (red traces) in GSE coordinates from 0800 to 1300 UT. One minute averages of these parameters are used in the MHD simulation after a modification of the measured field that facilitates the analysis of the effects of Figure 2 . Propagated ACE solar wind magnetic field and plasma parameters in GSE from 0800 to 1300 UT on 29 August 2001 used as inputs to an MHD simulation. These data were propagated 54 min using the upstream location of ACE and the average solar wind speed during the interval. The red traces are measured quantities at ACE in GSE while the black traces show the quantities after a minimum variance rotation was applied. (The averaging process produces small changes in the scalar quantities.) the B X component of the IMF. The procedure is to rotate the magnetic field into a minimum variance system and to replace the component along the minimum variance direction by its average value. The field is then rotated back into GSE Details of the method used to model the effects of the IMF B X component can be found in the work of El-Alaoui [2001] . The solar wind parameters obtained from this procedure and used as input to the MHD simulation are plotted in the black traces and are seen to differ little from the original data. Small differences in the scalar quantities can be attributed to the different averaging intervals of the two data sets. The delay used to plot the data in Figure 2 was 54 min, determined from the upstream position of ACE and the average solar wind speed during the interval.
[11] The vertical line in Figure 2 at 1100 UT is drawn at the approximate time when Cluster observed a current sheet bifurcation (Figure 1 ). The propagated IMF B X at this time was positive (4 nT), B Y was small ($À1 nT) and negative, and B Z just turned positive ($3 nT) after being negative for nearly 2 hours (0900-1100 UT). The solar wind speed was nominal with V X $ 460 km s À1 . The solar wind number density fluctuated around 3 cm À3 while the thermal pressure fluctuated between 1 and 2 pPa. The dynamic pressure was $1 nPa for the entire interval shown. The auroral activity index AE (Figure 2i ) recorded the onset of a large magnetospheric substorm (550 nT) beginning at $1040 UT, during the interval of southward IMF.
[12] The MHD simulation is used to predict the magnetic field along the Cluster trajectory between 1000 and 1200 UT on 29 August 2001 as shown in Figure 3 . The magnetic field at Cluster (thin black trace) was averaged over the four spacecraft for comparison with the MHD results (thick solid and dashed traces). The gray panel identifies the interval of the current sheet bifurcation discussed by Runov et al. [2003a] (Figure 1 ). The magnetic field in the simulation was linearly interpolated to the location of Cluster along its path through the simulation box. Along the nominal trajectory of Cluster (thick black trace), the simulation does not reproduce the small-scale structure of the magnetic field observed at Cluster (e.g., around 1100 UT in Figure 3a) . The minimum grid resolution of 0.67 R E smooths the magnetic field in the MHD simulation. Furthermore, the simulation results do not always predict Cluster observations even outside of the bifurcation interval. The earliest crossing of the simulated current sheet occurs nearly 60 min before the actual one ( Figure 3a) . Between 1000 and 1100 UT the DB between Cluster and the simulation was $10 nT ( Figure 3d ). Between 1130 and 1200 UT the results compare much more favorably, with DB decreasing to $4 -5 nT. During the time of the current sheet bifurcation (1055 -1102 UT), Cluster was located in the southern plasma sheet in the simulation although the data show that the spacecraft were actually in the northern plasma sheet. The results compare somewhat more favorably if the simulation is sampled along a trajectory shifted dawnward in Y GSM by 1 R E from the actual Cluster location (thick dashed trace). The magnetic field magnitudes at the beginning and end of the time series are comparable and the current sheet crossing in the simulation occurs within a few minutes of the data.
[13] Although the line plots of the simulation (Figure 3 ) do not correspond in detail to the data, there is evidence in the MHD simulation that small-scale current sheet bifurcations were present in the current sheet at positions within a few R E of Cluster. Figure 4 shows a cut in the Y-Z GSM plane of jB X j at a downtail distance of X = À19 R E (apogee distance of Cluster) at 1100 UT on 29 April 2001. The grayscale represents the magnitude of B X . The view from the Sun, with dawn on the left and dusk on the right, nicely shows the global structure of the magnetotail. The black regions correspond to the lobes and the region between the lobes near Z = 0 is the current sheet. The gray regions outside the lobes are the magnetosheath. The highest resolution grid is used for the plasma sheet while a lower resolution grid is used in the magnetosheath. The north to south Cluster trajectory from 0700 to 1500 UT is shown as a thick white trace near the center of the figure. At Y GSM % À1.26 R E , the location of Cluster, the current sheet is fairly thin, transitioning from B X > 5 nT to B X < À5 nT within $1 R E in Z GSM . However, dawnward of Cluster, near Y GSM $ À7 R E (from À10 to À2 R E ), the current sheet is much thicker (2 -3 R E ) and has a uniform weak B X (white). The dimensions of the region are $6-7 R E in Y GSM and 2 -3 R E in Z GSM . A similar region can be seen near Y GSM $ 12 R E . Figure 5a shows the current density perpendicular to the magnetic field (J ? ) in the MHD simulation and clearly reveals the structure of the current sheet. Here again, the Cluster trajectory between 0700 and 1500 UT is shown by a thick black trace near the center of the figure. The weak B X region identified in Figure 4 near Y GSM $ À7 R E has a corresponding structure in J ? . At Y GSM = À15 R E the current density is concentrated near Z GSM $ 2 R E (dark red points). However, at Y GSM $ À10 R E the current density separates into two distinct concentrations centered at Z GSM $ 3 R E and Z GSM $ 1 R E . The separation extends from Y GSM $ À10 to À2 R E . At À1.26 R E , the Y GSM location of Cluster (black trace), the current sheet has a single peak. Peak current densities in the two current sheets are $1 nA m
À2
. Current densities inferred with Cluster ranged from $0 to 9 nA m À2 ( Figure 1 ). It is interesting to note that the current sheet has a sausage-like shape in this region, in contrast with Cluster observations of a bifurcated current sheet in which it was concluded a kinklike mode was present [Sergeev et al., 2003] .
[14] Figure 5b shows a close-up of the bifurcated current sheet region, the region within the white square in Figure 5a . Overlaid on the current density are white arrows representing the Y-Z projection of the GSM current density. The bifurcation of the current sheet is quite clear and is [15] Figure 6 shows other parameters in the part of the tail represented in Figure 5b . Figure 6a shows the parallel current on which is superposed the Y and Z GSM components of the current density (white arrows) and the Cluster trajectory from 0700 to 1500 UT. The parallel current density is quite structured, especially near the Cluster trajectory, but does not appear to be very organized at the bifurcation of the current sheet. There is a region of tailward field-aligned current at Y GSM $ À5 R E and Z GSM $ 2-3 R E that is collocated with the bifurcated current sheet. However, this is the only organized field-aligned current at the bifurcation. Figure 6b shows the plasma pressure. There is a strong pressure gradient directed from the lobes into the bifurcated current sheet. A local pressure maximum ($0.12 nPa) is present in the weak magnetic field region between the bifurcated current sheets. Figures 6c and 6d show the flow speeds parallel and perpendicular to the magnetic field, respectively. In both the northern lobe (Z GSM $ 8 R E ) and the southern lobe (Z GSM $ À5 R E ) the flow is away from the Earth. Earthward flows of $50 km s
À1
can be seen at the bifurcated current sheets (i.e., parallel flows near Z GSM $ 3R E and antiparallel flows near Z GSM $ 0 R E ). The flows diminish to $0 km s À1 in the weak magnetic field region between the bifurcated current sheets. In Figure 6d , perpendicular flows of $50 km s À1 are present throughout the current sheet. However, stronger perpendic- [16] Figure 7 summarizes the profiles of the magnetic field, current density, flows, and plasma pressure versus Z GSM at Y GSM = À7.32 R E , the center of the bifurcated current, which extends from Z GSM of 4 to À1 R E . The current weakens slightly between 4 and À1 R E Z GSM . The slight inflection of magnetic field B X ( [17] The bifurcation of the cross-tail current sheet in Z GSM identified in the MHD simulation was at X = À19 R E downtail, the approximate apogee distance of Cluster. By examining different downtail distances in the MHD simulation, we gained insight into the structure and physical processes generating the bifurcation. shows the GSM J Y current density in the X-Z GSM plane at 1100 UT at Y GSM = À6.5 R E , in the central portion of the bifurcation (Figure 6 ). The Sun is to the right and dusk is behind the plane of the figure. The thick vertical black line at X = À19 R E lies in the plane of the plots shown in Figures 4, 5, and 6. Between X $ À18 and À20 R E there are two regions of enhanced current density ($1 nA m À2 ) near Z GSM $ 0 and Z GSM $ 3 R E separated by a weaker current density ($0À0.5 nA m À2 ) region at Z GSM $ 1.5 R E . The bifurcated current sheets merge tailward of X = À21 R E . Earthward of X = À18 R E the bifurcated current sheets merge into a broader current density region ($7 R E thick in Z GSM ) with variable structure.
[18] Figure 9 shows GSM B Z in the Z GSM = 1.2 R E plane at 1100 UT. Plots of B Z in the near-equatorial region are often a useful guide for locating neutral lines in the magnetotail with positive B Z on the earthward side of a neutral line and negative B Z on the tailward side. The Sun is to the right and dusk is at the top of the figure. The thick black vertical line at X = À19 R E is along the intersection with the planes shown in Figures 4, 5, and 6. B Z is positive in the inner magnetosphere. The ellipse shows the location of a neutral line near Y GSM $ À7 R E , roughly the same Y GSM as the bifurcated current sheet ( Figure 5 ). Figure 9 strongly suggests that the bifurcation of the current sheet identified at X = À19 R E is associated with the neutral line just 3 R E away at X $ À22 R E .
[19] In order to confirm the identification of a neutral line in the MHD simulation, we traced magnetic field lines. Figure 10a shows magnetic field lines near the inferred neutral line in the X-Z GSM plane. The Sun is to the right in the figure. The magnetic field lines clearly show the geometry of the neutral line and constrain the neutral line location to X $ À22.5 R E . Figure 10b shows a threedimensional perspective on the magnetic field lines traced in Figure 10a and a Y-Z GSM slice of GSM J Y . The perspective is almost X-Z GSM but has been rotated clockwise by 3.73°to show that magnetic field lines through the bifurcated current sheet map to the neutral line located at X $ À22.5 R E . At the very least our analysis demonstrates that in an MHD simulation, current sheet bifurcation can arise where dynamic processes related to neutral lines are present in the magnetotail. In the simulation, reconnection arises through anomalous resistivity. Reconnection reduces the gradient of B X with Z near the center of the plasma sheet ( Figure 10b ) but changes it little off the center. This results in a local minimum of current density near the center of the plasma sheet.
[20] The time evolution of the bifurcated current sheet can be studied at 1 min time resolution in the MHD simulation. Only one time step of the MHD simulation (1100 UT) has been discussed above. Figure 11 shows the variation of J ? in the Y-Z GSM plane at X = À19 R E at 1052, 1054, 1056, and 1058 UT in the region where the bifurcated current sheet was identified in the 1100 UT time step. At 1052 UT the current sheet peaks at the center with current densities of $1 nA m
À2
. We were not able to identify a clear neutral line near this location (X = À19 R E ) at this time step. However, at 1054 UT a gap developed within the current sheet, most noticeably at Y GSM $ À5 R E . At 1056 UT the gap disappeared but the current sheet became $1 R E thicker than at 1052 UT. Finally, at 1058 UT, a gap developed; it persisted in the simulation until $1104 UT. The relatively rapid formation and collapse of the bifurcated current sheet occurred when the localized neutral line moved downtail. In particular, the neutral line was located near X $ À20 R E at 1052 UT and then moved tailward $2 R E , producing the bifurcation at X = À19 R E 6 min later at 1058 UT. The rapid change of current sheet structure from a single sheet to bifurcated sheets in a matter (Figure 1 ). In the data plotted in Figure 1 , between 1055 and 1102 UT the current sheet is bifurcated, but by 1106 UT a Harris-like current sheet returns. On the basis of our simulation results, this may have been caused by movement of a local neutral line.
[21] The bifurcated current sheet in the simulation has several characteristics that we think may be typical: (1) the bifurcation is found in the perpendicular current density but not in field-aligned currents; (2) the magnetic field in the region between the bifurcated current sheets is uniform and weak; (3) weak earthward flows are collocated with the bifurcated current sheets; (4) the region between the bifurcated current sheets is a local plasma pressure maximum; (5) the current sheet bifurcation has a Y GSM dimension of $8-10 R E and a Z GSM dimension of $3-4 R E .
[22] The bifurcation identified in the simulation has a scale size that may exceed the scale of the bifurcation identified in Cluster FGM data on 29 August 2001. To some degree, this may reflect the fact that the resolution of the simulation is 0.67 R E , approximately three times the nominal Cluster interspacecraft separation in 2001 ($1500 km). Therefore the bifurcation observed with Cluster may have been on a smaller spatial scale than the simulation could produce. Furthermore, the MHD simulation does not model kinetic effects that may produce bifurcated current sheets.
Identification of Bifurcated Current Sheets in Cluster Data From 2001 and 2002
[23] We have used the MHD simulation results of the previous section to develop criteria to identify bifurcated current sheets in Cluster data. We used data from the magnetic field measurements of the FGM [Balogh et al., 2001] and the CIS/CODIF plasma data [Rème et al., 2001] for this study. We focused on the local minimum of the magnetic field gradient in the neutral sheet (B x $ 0) vicinity ( Figure 5 ), which is absent in a Harris-type current sheet. We identified weak current density regions from Cluster FGM measurements by looking for intervals near B X = 0 in which the magnetic field measured at the four spacecraft differed little. Small differences in B measured at distributed positions imply small current density. Low current densities near the neutral sheet can arise if either a thick current sheet carries the required integral current with a low current density or if the current sheet bifurcates. We developed criteria to distinguish bifurcations from thick current sheets. Plasma properties were characterized by b, the ratio of thermal to magnetic pressure. The total thermal pressure was taken as 1.2 times the measured ion pressure assuming that electrons contribute at the 20% level. [24] Specific criteria were applied in the following order for 1500 km spacecraft separation: (1) b > 0.1 ensured that the spacecraft were located within the plasma sheet; (2) jhB X ij < 5 nT, where hB X i is the X component of the magnetic field averaged over the four spacecraft, ensured that the spacecraft were located near the current sheet; (3) the absolute value of the difference between the upper and lower envelope of B X from the four spacecraft <3 nT ensured a low current density; (4) jjhB X ij À hB tot ij < 3 nT, where hB tot i is the magnitude of the magnetic field averaged over the four spacecraft, ensured that Cluster was close to the neutral sheet. For 5000 km spacing, we relaxed the bound in criterion 3 to <5 nT rather than <3 nT. Increasing the B X envelope width among the four spacecraft is justified because all four spacecraft are rarely located in the same region for such large separations.
[25] Because the plasma sheet is known to become thick at large jY GSM j, we restricted the input FGM data to jY GSM j < 10 R E . Twenty Cluster orbits between July and November 2001 and 26 orbits between July and November 2002 remained. Our statistics are summarized in Table 1 . For the 2001 data set (with typical spacecraft separations of $1200 km) 26% of the current sheet data satisfied our weak current density criterion (criterion 3), while 24% satisfied the weak current density criterion for the 2002 data set (typical separations of $5000 km).
[26] We believe that the similar statistics for the 2 years demonstrate that the regions of low current density we identify are generally 1 R E in scale size. In order not to exclude any very thin current sheets, we did not impose a minimum time over which the criteria were satisfied. The 1678 total identified points were spread over 27 days (13 in 2001, 14 in 2002) and ranged from single point events (4 or 8 s depending on CIS/CODIF resolution) to events that consisted of several minutes of consecutively selected points. We defined a selected point as a separate event if it was separated by more than 15 min from another event. As a result, multiple events were sometimes identified on a single day. Fifty-five events were identified in this manner, 38 of which were considered plausible bifurcated current sheets from visual inspection while the remaining 17 events were considered thick plasma sheet events because criterion 3 was met well away from the neutral sheet (criterion 4). Additional arguments that ruled out thick, low current density structures are discussed in the next section. Of the four previously published cases from 2001, our criteria found three. The fourth event [Runov et al., 2003b] was not selected because criterion 3 was not satisfied.
Event Studies
[27] Before describing the properties of the ensemble of bifurcated current sheets identified using the pattern recognition criteria described, we discuss in this section two of the selected events.
Event of 10 September 2001
[28] Figure 12 shows FGM magnetic field data at the four Cluster spacecraft, inferred current densities, and CIS/ CODIF GSM velocity, proton density, and temperature data at Cluster 1, 3, and 4 on 10 September 2001 0815 -0905 UT. Cluster was located near midnight local time at (À19.1, 1.8, À0.85) R E GSM. At $0818 UT the neutral sheet crossed Cluster 1, 2, and 4 (shown with a vertical black line) and all four spacecraft were in the southern plasma sheet for the remainder of the time plotted. Typically, the differences of B X measured by the four spacecraft are indicative of the magnitude of J Y . It is important to note that during current sheet crossings the Cluster tetrahedron is typically configured such that in orbit Cluster 3 leads into the plasma sheet from north to south trailed by the other three spacecraft. The other three spacecraft are typically closely spaced in Z. Times when the differences in B X are small and B X $ 0 indicate the center of a bifurcated current sheet. The intervals in which our criteria identified such bifurcated current sheet centers are shaded in gray ($0833 and $0849 UT). Between 0828 -0831 UT, differences in magnetic field of up to 15 nT were measured between the four spacecraft in a background magnetic field of $10 nT. From 0831 to 0833 UT all components of B were 0 ] 5 nT. Between 0833 and 0837 UT large differences in magnetic field were again observed among the four spacecraft in a background magnetic field of $10 nT. Similar structure in B X was observed between 0846 and 0855 UT. The large magnetic field differences among the spacecraft before and after $0833 UT and $0849 UT imply enhanced current density. All three components of the inferred current density are shown in Figure 12d . The weak current density regions we have identified with our criteria can be seen in J Y at $0833 UT and $0849 UT. The adjacent peaks in J Y indicate the passage of the spacecraft through the bifurcated current itself.
[29] Before proceeding further, we must consider the possibility that regions of small B X and small J Y arise 
because a Harris-type current sheet with J Y maximum at B X $ 0 has become so thick that the current density peak has become very small. This appears not to be the case. As a plausibility argument that the regions identified in Figure 12 are not Harris-type current sheets, we start with the contrary assumption and ask what temporal variation of sheet thickness could account for the observed B X and J Y . The dynamic Harris thickness parameter is evaluated from the local magnetic field measured at Cluster, the inferred current density, and the pressure balance lobe magnetic field [Thompson et al., 2005] . Figure 13 shows B X at all four spacecraft and the parameters of a dynamic Harris current sheet inferred for the interval plotted in Figure 12 . From 0815 to 0830 UT the Harris thickness (Figure 13b ) was quite stable, fluctuating around 1 -2 R E . However, at $0832 UT, when all four Cluster spacecraft measured B X ] 5 nT, the Harris thickness suddenly increased to $50 R E (not shown). A similar increase in h(t) canbe seen at$0849UT, during the second low current density event. The large values of h(t) at $0837 UT and $0842 UT are meaningless because the analysis technique does not give meaningful results when Cluster enters the lobe where currents vanish. Figure 13c shows Dh(t)/Dt over 8 s intervals as a measure of how quickly the Harris thickness parameter h(t) must increase to account for the magnetic field and current density observations. For the two low current density events, Dh/Dt is in the range of 10 8 km s
À1
. The relevant sound, Alfvén, and fast magnetosonic speeds are plotted in Figure 13d and are generally <500 -700 km s À1 which can be taken as an upper limit of Dh/Dt. Thus it seems unlikely that the low current density in the two intervals selected arises because of current sheet thickening which would require unphysically rapid expansion. Consequently, we are confident that these two events are indeed bifurcated current sheets.
[30] Figure 14 shows the current density and flows perpendicular and parallel to the magnetic field for the time interval of Figure 12 . The characteristics of these quantities can be related to the properties of the MHD simulation of section 2. The bifurcated structure appears primarily in the perpendicular current density as two local peaks in J ? at finite B X (e.g., 0831 and 0835 UT) separated by a local minimum at $0832 UT with B X $ 0. J k is smaller than J ? . During the second of these intervals J k varies in antiphase with J ? but this behavior is not systematically present in the events studied. However, the properties of J k in this event alert us to a source of uncertainty in the assignment of parallel and perpendicular directions. Because the dominant current flows perpendicular to B, a small error in the direction of the background field results in a spurious contribution to the parallel component of the current. The problem cannot be avoided in regions where the field direction is changing rapidly as in current sheet crossings. [31] The profile in J ? of the second bifurcation can be seen around $0850 UT. The profiles of current density for the two bifurcation intervals in Figure 14 are similar to the profile of J ? for the bifurcation in the MHD simulation (Figure 7d ). The significant difference in magnitude ($1 nA m À2 in the MHD simulation compared to $5 nA m
À2
in the Cluster data) results from the averaging inherent in the MHD simulation. One should also take into account that the spatial profile in Figure 7d represents a complete crossing (i.e., north lobe to south lobe) of the current sheet while the time series in Figure 14b corresponds to a dip into and return from the weak current density region. The fact that the structure is found in J ? and is associated with smaller J k supports the view that the bifurcation is a splitting of the current sheet and not the result of diversion of the cross-tail current into the ionosphere via field-aligned currents. The two bifurcation intervals are characterized by parallel flows of $150 km s À1 (Figure 14c ) and perpendicular flows of $200 km s À1 (Figure 14d ). The flow magnitudes are larger and less organized than the flows in the MHD simulation (Figure 7e ).
[32] As discussed in the introduction, an important question regarding bifurcated current sheets is whether or not they are associated with geomagnetic activity and with substorms in particular. Figure 15 shows the auroral activity indices AE, AU, and AL for 0800 -0930 UT on 10 September 2001. The gray panels indicate the two bifurcation intervals identified at Cluster, which occur during a moderate substorm whose onset is at $0832 UT. The occurrence of the bifurcations during a substorm raises the question of whether or not a neutral line was present near Cluster at this time. We can identify nearby neutral lines in Cluster FGM and CIS/CODIF data by examining correlations between earthward and/or tailward flows and the sign of B Y magnetic field perturbations resulting from Hall currents [e.g., Runov et al., 2003b] . Figure 16 (Figure 12 ). However, in the interval between the two bifurcations (0838 -0845 UT) strong earthward flows in excess of 600 km s À1 were associated with predominantly negative B Y perturbations ($À5 nT) and positive B Z perturbations ($5 -10 nT) while the spacecraft were all located south of the neutral sheet. These observations are consistent with perturbations on the earthward side of a neutral line in the southern plasma sheet. While consistent with the Hall current structure expected near a neutral line, the magnetic field and flow measurements do not conclusively demonstrate that a neutral line was present.
Event of 7 September 2001
[33] We briefly discuss a second bifurcated current sheet event identified with our criteria for 1500 km spacing. Cluster FGM and CIS/CODIF measurements from 2130 to 2215 UT on 7 September 2001 are shown in Figure 17 in the same format as Figure 12 . The bifurcated current sheet identified between 2152 and 2156 UT is shown by the gray panel. The neutral sheet crossed Cluster 3 repeatedly between 2130 and 2150 UT while the other three spacecraft were located in the northern plasma sheet. Beginning at 2150 UT, Cluster 1, 2, and 4 measured weak magnetic field for an extended period of time ($17 min). At $2152 UT the neutral sheet rapidly crossed Cluster 3 once again and all four spacecraft measured weak magnetic field. Cluster 3 emerged from the weak magnetic field region at 2157 UT and all four spacecraft were located in the southern plasma sheet by 2210 UT. The weak magnetic field measured at all four spacecraft from 2152 to 2156 UT corresponds to the region of low current density in this bifurcation event (Figure 17d) . In regards to flows, Cluster 3 measured earthward flows up to 600 km s À1 from 2130 UT to 2200 UT. Cluster 1 and 4 measured earthward flows primarily from 2145 UT to 2200 UT.
[34] Magnetic field and flow measurements during this event are consistent with a neutral line being nearby. Between 2132 and 2145 UT, when Cluster 3 measured earthward flows up to 500 km s (Figure 16 ). The bifurcated current sheet was observed in close proximity to this neutral line. It is important to note that this event could potentially be explained by a rapid expansion of the plasma sheet [e.g., Volwerk et al., 2004] . However, if the plasma sheet was very thick between 2152 and 2157 UT, we might expect B Z to be larger. The larger B Z on the adjacent sides of the bifurcation interval are more correlated with high speed flows, supporting a reconnection scenario.
[35] Although we cannot conclude that all bifurcations are produced by neutral lines, the bifurcated current sheet intervals identified on 10 September and 7 September 2001 are associated with nearby neutral lines based on magnetic field and flow signatures. It is possible that bifurcation of the current sheet develops in association with a neutral line in the magnetotail. Our statistical study allows us to examine this question further.
Statistical Properties
[36] The 38 bifurcated current sheet cases form the basis for a statistical analysis of the properties of the current density, flow, number density, and plasma pressure. In the figures that follow, the quantity jhB X i/B 0 j is used as a proxy for distance from the center of the plasma sheet. Here B 0 = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2m 0 p ? þ B 2 p is the lobe magnetic field inferred from the assumption of north-south pressure balance and p ? is 120% of the proton pressure perpendicular to the magnetic field (L. Kistler, personal communication, 2004) . The correction of 20% to the proton pressure approximates the additional contribution of electron and hot ion pressure [e.g., Matsumoto et al., 2001] . Figure 18 shows J ? and J k versus jhB X i/B 0 j for events identified during the season with 1500 km typical interspacecraft spacing (Figures 18a  and 18b ) and during the following season when the spacing was 5000 km (Figures 18c and 18d) . The medians and quartiles for J ? and J k are shown for bins of width 0.1 in jhB X i/B 0 j. For a Harris-type current sheet the current density peaks at jhB X i/B 0 j $ 0 (i.e., the neutral sheet). The median of J ? for 1500 km spacing (Figure 18a ) peaks at jhB X i/B 0 j $ 0.65 with a value of $3.8 nA m À2 , confirming that in these events the current density peaks away from the neutral sheet. The upper and lower quartiles of J ? show a similar trend. The median and quartiles of J k are not well organized and the median J k is one-third to onehalf the magnitude of J ? (Figure 18b ). The abrupt decrease of the medians and quartiles for both J ? and J k at jhB X i/B 0 j $ 0.9 -1 is consistent with our magnetometer calibrations, which minimize the current density in the lobes [Khurana et al., 1996] . For 5000 km spacing, the median J ? has a broader peak at jhB X i/B 0 j $ 0.55 with a value of $2 nA m À2 (Figure 18c ). The median J k is relatively constant for all jhB X i/B 0 j but about half the magnitude of median J ? (Figure 18d ) or less. The current densities for the 5000 km spacing events are noticeably lower than those for 1500 km spacing and the peaks are quite flat. Because current density is inferred from DB/Dr, lower current densities and flattened peaks could arise for 5000 km spacing if the individual current sheets are thin ((5000 km and possibly even thinner than 1500 km).
[37] By representing the trend of J ? with jhB X i/B 0 j of the median curve of Figure 18a as a linear function of jhB X i/B 0 j in the region from 0 to 0.65, we can calculate an approximate half-thickness of the bifurcation region by integrating dz = (1/m 0 )dB/J ? , where J ? = J 0 + aB, J 0 $ 1.5 nA m À2 , B = jhB X i/B 0 j, and a $ 0.1. The solution z = (1/m 0 a)ln(1 + aB/J 0 ) gives the distance from the current sheet center to the peak current density. We find z $ 0.9 R E for a full thickness of $1.8 R E . The curves in Figure 18a for the upper and lower quartiles of J ? give full thicknesses of $1.2 R E and $3 R E , respectively. These results indicate that Figure 18 . (a) jJ ? j versus jhB X i/B 0 j for the 21 bifurcated current sheet events identified in Cluster FGM data for 1500 km spacing. The gray points are jJ ? j data. A small number of data points for values >12 nA m À2 were excluded for plotting purposes (45 of 3751 points). The thick black line indicates medians of jJ ? j in bins of 0.1 jhB X i/B 0 j while the thin black lines indicate the upper and lower quartiles, (b) jJ k j versus jhB X i/B 0 j for the 21 bifurcated current sheet events identified in Cluster FGM data for 1500 km spacing, (c) jJ ? j versus jhB X i/B 0 j for the 17 bifurcated current sheet events identified in Cluster FGM data for 5000 km spacing, (d) jJ k j versus jhB X i/B 0 j for the 17 bifurcated current sheet events identified in Cluster FGM data for 5000 km spacing. the spatial separation of the current-carrying regions in a bifurcated current sheet is typically larger than the largest spacecraft separation (5000 km) and that bifurcated structure should therefore be identified equally well in 2001 and 2002. This is consistent with the fact that roughly the same numbers of events were identified in data from the two tail seasons. Similarly, we can follow the linear trend of the data for jhB X i/B 0 j between 0.65 and 1 to calculate the distance between the bifurcated current sheets and the lobes allowing us to establish how close to the lobes the bifurcated current flows. Using the same formalism, we find a thickness of z $ 0.2 R E for the decreasing portion of the median J ? profile, indicating that the bifurcated current flows near the outer boundary of the plasma sheet.
[38] Figure 19 shows statistical results for the ion flows parallel and perpendicular to the magnetic field from Cluster 4 CIS/CODIF in the same format as Figure 18 . Most flows in Figure 19 Gray points are the data while medians and quartiles are indicated by the thick and thin solid black lines, respectively. A small number of data points for values >2 cm À3 were excluded for plotting purposes, (b) proton temperature versus jhB X i/B 0 j for the bifurcation events, (c) proton pressure versus jhB X i/B 0 j for the bifurcation events, (d) number density versus jhB X i/B 0 j for the 17 bifurcated current sheet events for 5000 km spacing, (e) proton temperature versus jhB X i/B 0 j for the bifurcation events, (f) proton pressure versus jhB X i/B 0 j for the bifurcation events. (Figure 20a ). The median number density approaches zero upon reaching the lobes (jhB X i/B 0 j $ 0.9-1), as expected. The median number density for both seasons is consistent with the densities of 0.2-0.3 cm À3 for the case study result of Sergeev et al. [2003] . Median proton temperatures (Figures 20b and 20e) suggest that temperatures are relatively constant in the region between bifurcated current sheets ($3 -5 keV). Figures 20c and 20f show the proton pressure versus jhB X i/B 0 j for 2001 and 2002. The median pressure for both seasons is $0.15 nPa between jhB X i/B 0 j $ 0 and $0.5. The pressure steadily decreases to zero upon reaching the lobes.
[40] Although many features of the statistical distributions shown in Figures 18, [19] [20] are similar for the 2 years with different separations, some differ. In particular, bulk velocities in Figure 19 and temperature in Figure 20 are larger in 2002 (increased spacing) than in 2001. We have been unable to account for these differences. It is possible that some aspect of our selection criteria favors identification of crossings at closer distances from a nearby reconnection site in 2001 than in 2002. In that case, acceleration of flow and heating can produce faster flow and higher temperatures for the events detected farther from the location of reconnection.
[41] Figure 21 shows the MHD simulation results for current density, flows, and plasma pressure plotted in the same format as Figures 18, 19 , and 20. Our statistical results for J ? and J k qualitatively match the current density characteristics of the bifurcation identified in the MHD simulation and imposed as selection criteria (Figure 21a ). The simulation J ? (open circles) peaks at jB X /B 0 j $ 0.6-0.7, similar to the median J ? from Cluster although the magnitude is not the same. Both Cluster data and the MHD simulation show that the bifurcated current sheet is not formed from field-aligned diversion of the cross-tail current but results from a redistribution of cross-tail current into at least two distinct sheets. Overall, our results with Cluster are consistent with the MHD simulation.
[42] The flow properties of the bifurcation in the MHD simulation, characterized by a local peak in V k of $80 km s À1 and V ? of $40 km s À1 (Figure 21b ), were comparable to the Cluster median results but the simulation V k peak was at jB X /B 0 j $ 0.6-0.7. The current sheet bifurcation in the MHD simulation does not develop highspeed flows even though it is clearly associated with a neutral line $3-4 R E downtail of Cluster's location. The plasma pressure in the MHD simulation is qualitatively similar to the measured pressure distribution with a plateau at $0.12 nPa (Figure 21c ).
Discussion
[43] In this study we used an automated approach to identify bifurcated current sheet structure at $19 R E down- Our bifurcation events were characterized by structure in J ? rather than J k and weak flows of $100 km s
À1
. The bifurcation events were typically short in duration, with a median lifetime of $18 min. MHD simulation results at a fixed downtail distance of À19 R E show a bifurcation forming and disappearing over a span of $6 -8 min. We found that the weak current density region for small jB X j particular to bifurcated current sheets is present in $26% and $24% of the data for which Cluster was near the current sheet in 2001 ($1500 km spacing) and 2002 ($5000 km spacing), respectively. The comparable statistics between 1500 km spacing and 5000 km spacing argues that bifurcated current sheets have typical scale sizes of^1 R E but the individual current sheets are thinner than 5000 km. Thickness estimates of the weak current region using the statistical current density results of Figure 18 also support a scale size of^1 R E .
[44] As discussed in the introduction, two of the four Cluster case studies in the literature concluded that a nearEarth neutral line was likely responsible for the bifurcated structure of the current sheet. Furthermore, Asano et al. [2004] identified neutral lines and found that they were associated with bifurcated current structure. Our approach was different because we identified bifurcated current sheets with criteria that did not require neutral lines to be present. Nonetheless, on the basis of local magnetic field and plasma flow signatures, we find that 17 of 25 statistically independent (i.e., events on different days) current sheet bifurcations identified in our study were associated with a nearby neutral line (8 of 13 for 1500 km spacing and 9 of 12 for 5000 km spacing). (As for the event study, the criteria used to identify a nearby neutral line were: evidence of strong flows (at least 150 km s À1 ) in association with B Y perturbations indicative of the Hall current.) Nakamura et al. [2002] and Runov et al. [2003b] also concluded that bifurcated current sheets are associated with nearby neutral lines based on magnetic field and flow signatures for two case study events. Neither our statistical study (Figure 19 ) nor the MHD simulation found a significant association between bifurcated current sheets and the very fast flows ($1000 km s À1 ) often associated with reconnection. We believe that our criterion requiring plasma b > 0.1 may restrict our data set to cases for which reconnection is occurring only on field lines closing deep inside the plasma sheet on which fast flows are not anticipated and that reconnection has not yet reached lobe flux tubes on which the Alfvén speed (and the rate of reconnection) increases dramatically. Asano et al. [2004] propose that bifurcated current sheets are located at the slow shocks along the separatrices of the neutral line. Lacking ion and electron distribution functions and because of uncertainties in calculated moments, we did not examine the shock jump conditions across the bifurcated current sheets in our events. We can report that the decrease in magnetic field accompanied by increases in flow speed, number density, and temperature expected for a slow shock were present for a few of our events (e.g., 0828 -0838 UT bifurcation in Figure 12 ).
[45] The association of our bifurcated current sheet events with local neutral lines raises the question of whether or not such events are linked to substorm onsets. We have examined the 1-min resolution auroral activity index AE during our bifurcation events to examine whether there is an association with substorm onsets. Digital AE data were available for most of 2001 but not yet for 2002. Figure 22a shows a histogram of the maximum AE values (gray bars) for an interval of 830 min centered on the starting time of a bifurcation event for each day on which a bifurcation event occurred (events occurred on 13 separate days in 2001) and for comparison, a histogram of the occurrence frequency of AE values for the maximum value in a given hour between January and November 2001 (black bars). Taking only one value from each day for the bifurcation events ensures statistically independent values. The distribution of AE values associated with bifurcation peaks at 150 nT. The distribution has six values >200 nT and two values >500 nT. The January -November 2001 distribution also plotted in Figure 22a gives an idea of the typical distribution of maximum AE values each hour for a year and peaks at 50 nT. Figure 22b shows a cumulative distribution function (CDF) of the same set of maximum AE values as well as the CDF of maximum hourly AE values from January to November 2001. A CDF plot shows the integrated probability of observing any particular value in a distribution (P > (AE)) versus the distribution variable (AE). The median of the distribution is read off the plot as P < (AE) = 0.5 (horizontal black line) while the upper and lower quartiles are at values of 0.75 and 0.25, respectively. The CDF of values for the bifurcation events (Figure 22b ) has a median value of $220 nT compared to $190 nT for the January -November distribution, suggesting the bifurcations occur during somewhat elevated geomagnetic activity. However, this conclusion should be treated with caution because of the small sample of AE values.
[46] Although no digital AE data were available for 2002, time series plots were available for both years. Visual inspection of AE time series for the events in 2001 and 2002 revealed a likely substorm association for 15 of 25 statistically independent events (60%). Although the AE index is useful as an indication of a possible substorm association, it is not entirely reliable when the Russian sector is located at midnight local time because of the lack of ground stations. Of the 21 bifurcation events we identified in 2001, the AE index may have suffered from lack of ground coverage near midnight for 5. Finally, the AE index is probably not always sensitive to the dynamics that may be present locally at Cluster (e.g., pseudo-breakups and localized bursty bulk flows).
[47] The significant percentage ($25%) of current sheet data identified as bifurcations in our data set suggests that such structure is regularly present at Cluster's apogee distance in the magnetotail. The dwell time for Cluster in the current sheet during a single orbit through the magnetotail is typically 3 or more hours because the spacecraft are at apogee. Substorm onsets occur every 2-3 hours on average while pseudo-breakups and local neutral line formation may occur even more frequently. Therefore on every orbit Cluster is likely to observe at least a substorm onset while in the current sheet. Furthermore, near-Earth neutral lines have been found to typically form at 20 to 30 R E downtail [Nakamura et al., 1994; Nagai et al., 1998 ]. Large flows measured at Cluster at 20 R E downtail in 2001 and 2002 are predominantly directed earthward, implying that the nearEarth neutral line is typically located just tailward of the spacecraft. The long dwell time in the current sheet and the proximity to the downtail distance of near-Earth neutral line formation puts the Cluster spacecraft in locations where they are likely to observe current sheet structure associated with substorm onsets and pseudo-breakups quite regularly. As a result, the large percentage of data identified as bifurcations is consistent with a high probability of observing signs of nearby magnetic reconnection.
Conclusions
[48] Global MHD results for the solar wind conditions present during the 29 August 2001 bifurcated current sheet event identified by Runov et al. [2003a] show, at a position not far removed from where the Cluster spacecraft crossed the current sheet, distinct bifurcation of the cross-tail current in a region magnetically linked to a neutral line. The bifurcation is observed in J ? but not in J k , is associated with weak parallel and perpendicular plasma flows, and has a spatial scale of 3 -5 R E in Y and Z GSM. These spatial scales do not agree with the theoretical treatments of bifurcated current sheets, which require spatial scales of an ion gyroradius (hundreds of kilometers) [e.g., Zelenyi et al., 2002; Sitnov et al., 2003] . Nonetheless, while the theoretical treatments of bifurcated current sheets discuss kinetic effects, our simulation results show that such structure can arise on MHD scales through anomalous resistivity effects. The bifurcated current flows in the boundary between the plasma sheet and the lobe, as expected in the geometry of a magnetotail neutral line.
[49] Our statistical study of bifurcated current sheets applied automated search criteria to the magnetometer data from the four Cluster spacecraft. The search yielded results qualitatively similar to those from the MHD simulation. Current sheet bifurcations appear in J ? and are associated with modest flows. Comparable identification statistics for 1500 km and 5000 km spacecraft spacings argue for bifurcated structures with thin current sheets near the boundary of the plasma sheet. Thickness estimates of the structures from our statistical results range from 1.2 R E to 3 R E , in agreement with the simulation results. For a subset of the events we were able to use local magnetic field and flow measurements to establish proximity to a near-Earth neutral line. On the basis of both simulations and Cluster data analysis, we propose that the bifurcated structure of the current sheet is produced by diversion of the cross-tail current along the separatrices of a neutral line, consistent with previous case study results and deep tail statistical findings. However, we argue that these neutral lines are small in the dawn-dusk direction and do not necessarily stretch across the entire magnetotail. They also appear to have lifetimes of the order of minutes. The events our search criteria selected may have an association with substorm onsets based on visual inspection of auroral activity indices. The lack of strong flows in our statistical results suggests that the bifurcated structure extends well away from the neutral line region, where strong flows and Hall current perturbations are observed.
